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Abstract. Nitrate (NO−3 ) contamination of groundwater as-
sociated with agronomic activity is of major concern in many
countries. Where agriculture, thin free draining soils and
karst aquifers coincide, groundwater is highly vulnerable to
nitrate contamination. As residence times and denitrification
potential in such systems are typically low, nitrate can dis-
charge to surface waters unabated. However, such systems
also react quickest to agricultural management changes that
aim to improve water quality. In response to storm events,
nitrate concentrations can alter significantly, i.e. rapidly de-
creasing or increasing concentrations. The current study ex-
amines the response of a specific karst spring situated on a
grassland farm in South Ireland to rainfall events utilising
high-resolution nitrate and discharge data together with on-
farm borehole groundwater fluctuation data. Specifically, the
objectives of the study are to formulate a scientific hypothe-
sis of possible scenarios relating to nitrate responses during
storm events, and to verify this hypothesis using additional
case studies from the literature. This elucidates the control-
ling key factors that lead to mobilisation and/or dilution
of nitrate concentrations during storm events. These were
land use, hydrological condition and karstification, which in
combination can lead to differential responses of mobilised
and/or diluted nitrate concentrations. Furthermore, the re-
sults indicate that nitrate response in karst is strongly de-
pendent on nutrient source, whether mobilisation and/or di-
lution occur and on the pathway taken. This will have con-
sequences for the delivery of nitrate to a surface water re-
ceptor. The current study improves our understanding of ni-
trate responses in karst systems and therefore can guide envi-
ronmental modellers, policy makers and drinking water man-
agers with respect to the regulations of the European Union
(EU) Water Framework Directive (WFD). In future, more
research should focus on the high-resolution monitoring of
karst aquifers to capture the high variability of hydrochemi-
cal processes, which occur at time intervals of hours to days.
1 Introduction
The consequences of groundwater contamination by reactive
nitrogen (Nr, e.g. nitrate NO−3 ), derived from agricultural
sources, is of major concern in many countries (Galloway
and Cowling, 2002; Spalding and Exner, 1993; L’hirondel,
2002). As groundwater response times affect the physical and
economic viability of different mitigation measures, there is
a realisation that such responses must be incorporated into
environmental policy. However, such processes are poorly
understood (Sophocleous, 2012), particularly where nitrate
discharges unabated from high N input agricultural sys-
tems underlain by thin free draining soils and karst aquifers
(Huebsch et al., 2013). Denitrification potential and response
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times in such systems are low (Jahangir et al., 2012a) and
at karst springs processes such as mobilisation and/or di-
lution during rainfall events inevitably control nitrate con-
centrations. In the European Union (EU) the Water Frame-
work Directive (WFD; OJEC, 2000) aims to achieve at least
good water quality status in all water bodies by 2015 and for
groundwater a maximum admissible concentration (MAC)
of 50 mg NO−3 L−1 is in place. In karst regions, character-
ising nitrate dynamics in aquifers can help to predict when
concentrations are likely to breach this MAC or not. No
such standard exists for surface water but instead, in coun-
tries such as the Republic of Ireland, a much lower MAC of
11.5 mg NO−3 L−1 exists for estuaries (Statutory Instruments
S.I. No. 272 of 2009). Recent assessments have found that
16 % of Irish groundwater bodies were “at risk” of poor sta-
tus due to the potential deterioration of associated estuarine
and coastal water quality by nitrate from groundwater (Tedd
et al., 2014). Improving our conceptual model of nitrate mo-
bilisation and/or dilution in karst systems will therefore allow
us to better manage agricultural systems in the future.
Karst areas exhibit a challenge for the protection of
groundwater resources, because high heterogeneity, high vul-
nerability and fast groundwater flow result in low natural at-
tenuation of contamination (Bakalowicz, 2005). Karst sys-
tems can vary significantly in the vadose zone from direct
to slow infiltration and in the phreatic zone due to the com-
plexity of conduit systems, fracture development and matrix
porosity (Bakalowicz and Mangion, 2003). Episodic rainfall
events can lead to rapid recharge, which has strong impact on
discharge at and contaminant transport to karst springs, par-
ticularly if the conduit system is well developed (Butscher
et al., 2011; Goldscheider et al., 2010). In addition, karst-
specific surface features (e.g. swallow holes) can contribute
to a rapid contamination of the underlying aquifer (Ryan and
Meiman, 1996). As a result of all these specific character-
istics, karst aquifers overlain by thin free draining soils re-
spond quickest to changes in N loading on the surface (Hueb-
sch et al., 2013).
Leaching of organic and inorganic N can vary signifi-
cantly. Organic N that has been applied on the surface pro-
vides mineral N to the plant on a longer basis due to mineral-
isation processes, whereas inorganic N is immediately avail-
able for the plant, and hence highly susceptible to leaching,
especially in the first hours to days after application (Di et
al., 1998). Due to its high solubility and mobility, nitrate re-
sponds much more quickly and strongly to changes in hydro-
logic conditions and land use than less mobile ions such as
phosphorus (Hem, 19985). Because of this, in karst aquifers,
low-resolution monitoring of nitrate (e.g. on a weekly basis)
is unlikely to adequately characterise the system. This is es-
pecially true during rainfall events (Pu et al., 2011). As the
dynamics of the system can change not only within but also
across events, it is important to have high-resolution mon-
itoring over long time periods. Long-term high-resolution
monitoring can reveal rapid dilution of nitrate concentrations
(Mahler et al., 2008), rapid mobilisation of nitrate concen-
trations (Baran et al., 2008; Plagnes and Bakalowicz, 2002;
Pu et al., 2011; Yang et al., 2013) or a combination of mo-
bilisation and dilution of nitrate concentrations during one or
several rainfall events (Stueber and Criss, 2005; Rowden et
al., 2001; Peterson et al., 2002).
In recent years, high-resolution monitoring in karst
catchments over extended periods of time has received
greater attention (Mellander et al., 2013; Schwientek et
al., 2013). Also, spectrophotometrical ultraviolet/visible
(UV/VIS) light monitoring, which was originally developed
for monitoring waste water treatment plants (Drolc and Vr-
tovšek, 2010), has been applied to karst springs to contin-
uously monitor nitrate concentrations (Grimmeisen et al.,
2012; Pu et al., 2011). Such techniques offer the opportunity
to observe both long-term trends, sudden changes of nitrate
concentrations (Storey et al., 2011) and to increase the un-
derstanding of nitrate transport dynamics.
In this study, high-resolution UV monitoring, discharge
and groundwater level fluctuation measurements were per-
formed to observe nitrate concentration patterns and their re-
lation to karst spring discharge and groundwater level fluctu-
ations in response to storm events. The study site in southern
Ireland represents an ideal test site for nitrate responses in
karst springs to storm events because of the combination of
intensive agronomic N loading on the surface, an underlying
karst aquifer and hydrometeorological conditions that ensure
storm events throughout the year.
By looking at different nitrate characteristics during storm
events, we aim to answer the following questions: what are
the key factors controlling increased (i.e. mobilised) or de-
creased (i.e. diluted) nitrate concentrations in karst springs
as response to storm events? Does it depend on the karst sys-
tem alone, the hydrological situation or land use and/or of a
combination of all these components together? Specifically,
the objectives of the present study are to formulate a concep-
tual model of possible scenarios of nitrate responses during
storm events, and to verify this hypothesis using other ex-
amples from the literature together with data from our study
site. The results of this study can contribute to an improved
understanding of when and under what conditions nitrate is
released to fresh surface waters and, therefore, can guide en-
vironmental modellers, drinking water suppliers and environ-
mental policy makers with respect to the regulations of the
EU Water Framework Directive.
2 Materials and methods
2.1 Site description
The study site of 1.1 km2 is located approximately 35 km
north of Cork city in the Republic of Ireland and adjacent
to the Teagasc, Animal and Grassland Research and Inno-
vation Centre, Moorepark, in Fermoy (8◦15′ W, 52◦10′ N).
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Figure 1. Site map for the study area. The smaller arrows indicate the water flow direction of the continuous spring in a ditch to the river.
About 0.97 km2 (∼ 90 %) of the area is farmed. To the east,
the study site is bounded by the River Funshion (Fig. 1). A
public water supply well is located approximately 50 m up-
gradient from the most westerly part of the study site at the
River Funshion. Due to the topography, the study site can
be sectioned into three parts. The upper part is intensively
used as grassland for dairy farming, whereas the lower part
is only periodically utilised as grassland, as it can be flooded
for large periods of the year due to the proximity to the River
Funshion and a shallow groundwater table. A steep slope be-
tween these two parts, which is the third part of the study
site, has been forested to prevent erosion. The farm yard is
located centrally on the study site. It includes the housing for
the dairy herd and an intensively operated piggery.
The study site has been a research farm (dairy) with a
commercially farmed, intensive pig farm in the farm yard
since 2006. Prior to 2006, the farm was an intensive com-
mercial dairy and pig farm with high fertiliser and feed in-
puts. All nutrients (slurry, cattle and pig manures) generated
on the farm were applied to the farm land. No historic nu-
trient records are available. Since 2006, the dairy farm has
been operating as a research farm and nitrogen fertiliser ap-
plication rates are maintained within the Nitrates Directive
(EC, 1991) which was implemented in Ireland in 2007. Ja-
hangir et al. (2012a) calculated the annual N surplus for the
research farm between 2009 and 2010 at 263 kg N ha−1 by
subtracting the annual N output (35 kg N ha−1) from input
(298 kg N ha−1). Furthermore, they estimated the possible
amount of N leached at 148 kg N ha−1 for the same years
by taking N losses via volatilisation and denitrification in
soil surface into account. All slurry and manure generated
from the dairy enterprise is applied to the grassland on the
farm. The piggery is privately operated and all associated
nutrients (slurry and manure) are exported off the farm. The
present study site is comparable with a dairy farm approx.
2 km apart in terms of agronomic N-loading, local weather
conditions, hydrogeological and geological site characteris-
tics. The neighbouring dairy farm has been described in de-
tail by Huebsch et al. (2013). In this study agricultural prac-
tices were analysed and the applied nitrogen input on the sur-
face was related to recorded nitrate occurrence in groundwa-
ter over an 11-year period whilst also considering a time lag
from source to groundwater. The N inputs at this study site
were 335 to 274 kg ha−1 between 2001 and 2011 whereas the
calculated N surplus (N inputs – N exports) at farm level was
260 to 174 kg ha−1. Those findings can also be compared to
the study of Landig et al. (2011) who calculated N-inputs at
the present study site for 2008. N inputs were 337 kg ha−1
while 209 kg ha−1 were derived from organic N sources and
128 from inorganic N sources (Landig et al., 2009). In ad-
dition, on the present study site the availability of N on the
land surface during autumn has increased as the farm has ex-
tended grazing during that period.
The top soil (0–0.5 m) of the study site consists of sandy
loam, whereas the subsoil (0.5–10.0 m) is composed of sand
and gravel (Jahangir et al., 2012b). Two different types of
carboniferous limestone occur at the study site: the Waulsor-
tian limestone and the Ballysteen Formation (Fig. 1; GSI,
2000). The Waulsortian limestone is in general less bed-
ded and more karstified than the Ballysteen Formation due
to the occurrence of massive calcareous mud-mounds and a
lower content of shale components (GSI, 2000). In Fig. 1 the
boundary of the two limestone types is adapted from map-
ping by the Geological Survey of Ireland (GSI), which was
conducted at a larger scale. Therefore, and because of the
lack of bedrock cores of the wells that have been drilled, the
exact boundary on the local scale is uncertain.
Six boreholes (BH1 to BH6) with diameters of 150 mm
were drilled in 2005 (Fig. 1). Five wells (BH1 and BH3
to BH6) consist of a 50 mm diameter piezometer casing. A
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multilevel piezometer was installed in BH1 with 6 m screen
sections beginning at 25.18 and 43.18 m AOD. BH3 to BH6
each consist of a single piezometer with a 6 m screen section
beginning at 19.85, 24.68, 20.38 and 17.57 m AOD, respec-
tively. BH2 is an open borehole with 150 mm diameter. It was
found to be dry to a drilling depth of 62.9 m and subsequently
filled with water already the day after drilling. The average
drilling depth on site is 45.9 m with a minimum depth of
31.2 m at BH6 and a maximum depth of 62.9 m at BH2.
A perennial spring is located at the foot of the slope area
(Fig. 1). The spring discharge is captured in a reservoir of
about 23 m2 and used as water supply for the dairy farm and
the piggery. Water that is not needed for the farm flows over
a weir via a channel towards the river.
2.2 Spring, water level and meteorological data
High-resolution monitoring of nitrate-nitrogen (NO3-N) in
spring water was performed photometrically between 11 July
2011 and 20 April 2013 at 15 min intervals with a two-beam
UV sensor (NITRATAX plus sc, Hach Lange GmbH, Ger-
many) using a 5 mm measuring path. The sensor reports
NO3-N by measuring total oxidised N (TON), and assuming
negligible nitrite (NO2-N). To verify the UV sensor measure-
ments, 12 water samples (50 mL) were taken at the sensor
location in July 2011, four water samples in October 2012
and 12 water samples in May 2013. Half of the samples
were filtered immediately using a 0.45µm micropore mem-
brane, the other half were kept unfiltered to determine the
influence of organic substances, as the accuracy of the sen-
sor can be affected by those. All samples were transferred
to 50 mL polyethylene screw top bottles, which were kept
frozen prior to chemical analysis. TON and NO2-N content
were determined in the laboratory (Aquakem 600A, Thermo
Scientific, Finland), from which the nitrate concentration was
calculated. For TON and NO2-N determination the hydrazine
reduction method was used (Kamphake et al., 1967). The
analysis of the unfiltered and filtered samples showed that
UV sensor measurements were reliable and not affected by
organic substances. NO2-N was negligible and the measured
TON was reported as NO3-N.
To determine spring discharge, a trapezoidal weir was
installed at the outlet of the spring capture reservoir (e.g.
Walkowiak, 2006). The water level in the reservoir was mea-
sured with an electronic pressure transducer (Mini-Diver, Ei-
jelkamp, the Netherlands) in a stilling well at 15 min inter-
vals. As the reservoir is used to provide water to the farm, a
flow metre with data logger was also installed in the water
supply pipe to measure pumped outflow. Changes in ground-
water levels were continuously monitored at 15 min intervals
in BH1, BH3, BH4 and BH6 using electronic pressure trans-
ducers (Mini-Diver, Eijelkamp, the Netherlands).
Rainfall was recorded every hour at a Met Èireann weather
station of approximately 500 m from the study site. Effective
drainage (ED) was calculated as precipitation minus actual
Figure 2. Observations at the study site in period (1) between 13
November 2011 and 20 January 2012. The symbols 1©– 4© indi-
cate different storm events, which had a visible influence on the
discharge and nitrate pattern at the spring.
evapotranspiration, which was calculated from daily record-
ings of maximum and minimum temperature, precipitation,
wind speed and solar radiation at the Met Èireann weather
station after Schulte et al. (2005). In 2011 the annual rainfall
was 855 mm and ED 364 mm, whereas in 2012 the annual
rainfall was 1097 and ED 578 mm.
3 Results
3.1 Observations at the study site
Two periods were evaluated: (1) from 13 November 2011 to
20 January 2012 including high-resolution observations of
NO3-N concentrations in spring water, precipitation and dis-
charge (Fig. 2) and (2) from 1 February to 1 October 2012
including high-resolution observations of NO3-N concentra-
tions in spring water, precipitation and groundwater level
fluctuations in BH1, BH3, BH4 and BH6 (Fig. 3).
Figure 2 illustrates the impact of four storm events on dis-
charge and nitrate patterns at the spring for period (1). Storm
events were separated from each other if precipitation was
less than 0.2 mm h−1 for at least 24 h in accordance with
Kurz et al. (2005). Only storm events with a total amount
of minimum 10 mm precipitation were taken into account.
The first storm event started on 16 November 2011 at
4 p.m. and ended on 19 November at 10 a.m. A total of
60.3 mm precipitation was recorded during this time. Dis-
charge started to rise on the 16th at 11.30 p.m. at 0.2 L s−1
and reached its maximum of 1.7 L s−1 on 19 November at
8.30 p.m. After the maximum was reached, discharge de-
creased at first, and then showed a second increase, proba-
bly due a recurrence of intensified rainfall. NO3-N concen-
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Figure 3. Observations at the study site in period (2) between 1
February and 1 October 2012: (a) precipitation; (b–e) groundwater
fluctuation at BH1, BH3, BH4 and BH6 in metres above minimum;
(f) NO3-N pattern at the spring.
trations increased around 18.5 h later than discharge on 17
November at 5 p.m. and rose to 13.8 mg L−1 until 19 Novem-
ber at 10.45 a.m. Hence, the NO3-N increase started later
than the discharge increase but reached its maximum 9.75 h
earlier. After the maximum was reached, NO3-N exponen-
tially decreased to 11.0 mg L−1 until 29 November at 9 a.m.
The second storm event started on 28 November 2011 at
5 p.m. Rainfall intensified and reached a total of 33.5 mm
by 30 November at 10 p.m. Discharge started to increase at
0.5 L s−1 on 28 November at 10.45 p.m., and the first max-
imum discharge of 1.2 L s−1 was measured on 29 Novem-
ber at 7.30 p.m. However, the maximum discharge could
have been higher and earlier. Intensive pumping at the reser-
voir between 12.15 and 7 p.m. led to a lack of stationary
discharge values during that time. The increased discharge
value of 1.0 L s−1 or more was maintained until 30 Novem-
ber 2.30 a.m. and decreased afterwards. The NO3-N con-
centrations started to increase at 29 November at 9 a.m. at
11.0 mg L−1 and reached a maximum of 12.1 mg L−1 on 29
November at 5.45 p.m. The NO3-N peak was observed about
1.45 h earlier than the discharge peak.
During the third and fourth storm event, the same char-
acteristics as described in the aforementioned storm events
were observed at the spring. The total amount of precipitation
was 28.8 mm for the third event and 18.7 mm for the fourth
event. After rainfall intensified, discharge rose followed by
increased NO3-N concentrations a few hours later. Again, the
maximum NO3-N concentrations were reached earlier than
the discharge peak. Specifically, during the third storm event
discharge started to rise at 0.4 L s−1 on 12 December 2011 at
11.45 a.m., while NO3-N started to increase at 10.6 mg L−1
on 12 December 2011 at 3.15 p.m. Highest discharge val-
ues were observed at 1.1 L s−1 on 13 of December 2011 at
12.30 p.m. The NO3-N peak was reached at 11.0 mg L−1 at
11.15 a.m. on the same day and was therefore 1.15 h earlier
than the discharge peak. During the fourth storm event dis-
charge started to increase at 0.3 L s−1 on 3 January 2012 at
4.30 a.m. and NO3-N started to rise at 10.6 mg L−1 on the
same day at 5.00 a.m. The maximum discharge was reached
at 1.5 L s−1 on 4 January 2012 at 0.15 a.m. and the maximum
NO3-N concentration at 11.0 mg L−1 on 3 January 2012 at
7 p.m. Thus, the discharge maximum was reached 5.25 h later
than the NO3-N maximum.
In addition, groundwater level fluctuations at BH1 and
BH3 to BH6 were observed and can be related to precipita-
tion and NO3-N concentrations at the spring (Fig. 3). During
1 February 2012 and 1 October 2012 groundwater level fluc-
tuations in the boreholes accounted for up to 7.60 m. BH1
and BH3 had maximum water level fluctuations of 5.98 m on
15 August 2012 and 7.60 m on 17 August 2012, respectively.
In the eastern part of the study site (Fig. 1), maximum water
level fluctuations were lower. At BH4 and BH6 maximum
values of 3.06 m on 20 August 2012 and 1.62 m on 17 Au-
gust 2012, respectively, were observed. In all wells, the low-
est groundwater level was observed at the beginning of June
2012 after a longer period of sparse precipitation. BH1 and
BH3 in particular showed similar groundwater level fluctua-
tion patterns as the response of NO3-N concentrations at the
spring. Groundwater level fluctuations are reflecting ED. Be-
tween 11 February 2012 and 25 April 2012 no ED occurred.
Little ED was observed between 26 April 2012 and 10 June
2012 with a maximum peak of 13.3 and 27.3 mm in total. Be-
tween 11 June 2012 and 2 July 2012 no ED occurred. During
those periods groundwater levels dropped and no significant
change in nitrate concentrations was observed at the spring.
In the following period ED increased and three higher ED
events > 20 mm were observed on 7 June 2012 (23.7 mm),
15 June 2012 (21.4 mm) and 28 June 2012 (27.4 mm). In Au-
gust 2012 on the 12th and on the 15th high ED > 20 mm of
25.4 and 25.1 mm, respectively, was observed. In Fig. 3 the
high amounts of ED match with significantly increased ni-
trate concentrations at the spring. The maximum nitrate con-
centrations during the five events were 13.2 mg L−1 on 7 June
2012 at 5.30 p.m., 13.7 mg L−1 on 15 June 2012 at 6.30 p.m.,
13.6 mg L−1 on 28 June 2012 at 9.00 a.m., 13.6 mg L−1 on 12
August 2012 at 7 p.m. and 14.1 mg L−1 on 15 August 2012
at 6 p.m.
3.2 Conceptual model of nitrate responses in
karst systems
A conceptual model of nitrate responses in karst groundwater
systems was developed to elucidate the relationship between
nitrate responses in karst springs and proposed driving fac-
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Figure 4. Conceptual model of nitrate response in karst systems.
tors such as hydrological conditions, N availability through
land use and karst features (Fig. 4).
Agriculture is known to be a main contributor of nitrate
in groundwater, mainly because of inorganic and organic N
fertilisation (Stigter et al., 2011). Current and past N appli-
cations, storage capacity and hydrological conditions can re-
sult in nitrate accumulation in the soil and epikarst (Fig. 4),
while rainwater itself is typically low in nitrate concentration
(about 0.3 mg L−1; Gächter et al., 2004).
Groundwater flow in karst aquifer aquifers can be con-
ceptualised by a dual-flow system: water flows in pipe-like
conduits and open cave stream channels (conduit flow sys-
tem) as well as through fractures and pores (diffuse flow
system). This dual-flow concept is described in the litera-
ture and widely used in karst studies (e.g. Shuster and White,
1971; Atkinson, 1977; White, 1988; Kiraly, 1998; Ford and
Williams, 2007). Other researchers use a triple porosity con-
cept for the description of karst aquifers, where groundwater
flow is attributed to conduits, pores of the rock matrix and
an intermediate flow system representing fissures and joints
(e.g. Worthington et al., 2000; Baedke and Krothe, 2001).
In the conceptual model of the present study, the simpler
dual-porosity concept is used, which is well suited to de-
scribe the nitrate characteristics of the observed karst springs.
Nitrate that recharges into the diffuse flow system during a
storm event can hardly change nitrate concentrations within
this large groundwater storage (Peterson et al., 2002). Hence,
groundwater in the diffuse flow system is characterised by
relatively stable nitrate concentrations that reflect average ni-
trate values of groundwater recharge and long-term trends.
At the spring, stable nitrate concentrations representing wa-
ter from the diffuse flow systems can be observed during base
flow conditions.
During a storm event, water recharges also into the con-
duit flow system and bypasses the diffuse flow system. Ni-
Figure 5. Hypothesis of nitrate response scenarios: predominance
of (a) mobilised nitrate; (b) diluted nitrate; (c) mobilisation and di-
lution during one event; (d) mobilisation and dilution during multi-
ple rainfall events.
trate concentrations of this recharge water strongly depend
on hydrological conditions and land use. If nitrate concentra-
tions in the soil and epikarst are high prior to a storm event,
for example after N fertilisation, nitrate becomes mobilised
and water with high nitrate concentration enters the conduit
flow system. At the spring, a fast increase of nitrate concen-
trations can be observed as a storm response, which reflects
nitrate mobilisation in the soil and epikarst by storm water.
If nitrate concentrations in the soil and epikarst are low prior
to a storm event, rainwater with low nitrate concentration en-
ters the conduit flow system without a marked increase in
nitrate concentration. At the spring, a fast decrease of nitrate
concentrations can be observed as a storm response, which
reflects the dilution of spring water by storm water.
Our conceptual model of karst spring responses to storm
events can be summarised in four possible scenarios (Fig. 5).
Scenario 1 (Fig. 5a) shows mobilisation of nitrate in the
soil/epikarst during storm events and fast increasing nitrate
concentrations as response at the spring, corresponding to
observations of period (1) and (2) in the present study. Sce-
nario 2 (Fig. 5b) shows dilution of spring water after storm
events with fast decreasing nitrate concentrations. In Sce-
nario 3 (Fig. 5c), nitrate in the soil/epikarst becomes mo-
bilised during storm events, resulting in an initial increase in
nitrate concentrations in spring water, followed by dilution of
spring water with low nitrate storm water when groundwater
recharge continues after mobilised nitrate has been flushed
through the system. Scenario 4 (Fig. 5d) shows different re-
sponses to storm events depending on the availability of ni-
trate in the soil/epikarst. During the first event, little nitrate
was available and dilution can be observed at the spring.
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Before the second event, high nitrate concentrations accu-
mulated in the soil/epikarst. Nitrate then becomes mobilised
during the second storm event and a sharp nitrate peak can
be observed as response at the spring.
The fast increase in nitrate concentrations after storm
events indicates that mobilisation is the main process influ-
encing nitrate patterns at the spring (Figs. 2 and 3). At the
site, intensive agriculture is the dominant land use including
application of inorganic and organic N fertiliser. During dry
weather, soil moisture deficit leads to an accumulation of ni-
trate and minor to zero leaching in the soil. This can be recog-
nised at the spring during base flow conditions when nitrate
concentrations remain fairly constant (for example between
March and May 2012, Fig. 3). During storm events (for ex-
ample in June 2012), residual nitrate that was not consumed
by plants gets mobilised in the soil (Fig. 5a). At the spring,
the rapid increase of nitrate concentrations, only a few hours
after the start of a storm event, indicates that recharging water
rapidly bypasses the diffuse flow systems in the rock matrix
in activated conduit systems.
3.3 Comparison with other studies
To further test our conceptual model, documented nitrate re-
sponses to storm events were reanalysed with respect to the
proposed processes (Fig. 4) and related to the various pos-
sible scenarios (Fig. 5). Four representative studies were se-
lected that correspond to Scenarios 1–4 (Fig. 6).
Study 1 – Yverdon karst aquifer system,
Switzerland (Pronk et al., 2009)
In this study, a similar response of discharge and nitrate con-
centrations after a storm event as in the present study was
observed (Fig. 6a). During the whole study period, a nitrate
range of 1.0 to 7.0 mg NO3-N L−1 and a discharge range
of 21 to 539 L s−1 was monitored. After the storm event,
discharge increased at the spring, followed by a steep ni-
trate increase with a slower drop down after the maximum
was reached. According to our conceptual model, this pat-
tern corresponds to mobilisation (Scenario 1, Fig. 5a). Pronk
et al. (2007) observed that a stream draining into a swal-
low hole in an agriculture-dominated area contributes signif-
icantly to nitrate variations at the spring during storm events.
Their interpretation is in line with the conceptual model of
the present study, where mobilisation in the soil/epikarst and
subsequent transport of nitrate via the conduit flow system
occur, i.e. rapidly by-passing the diffuse flow system of the
rock matrix.
Study 2 – Chalk aquifer in Normandy, France, and
Edwards aquifer, Texas, USA (Mahler et al., 2008)
In the second study, the observed predominant process af-
ter storm events (Fig. 6b) corresponds to dilution according
to our conceptual model (Scenario 2, Fig. 5b). The observed
NO3-N concentrations in the aquifer range between 2.2 and
9.0 mg L−1. Three days after the storm event, nitrate con-
centration decreased rapidly and rose gradually afterwards.
The authors state that (recharging) surface runoff was rapidly
transported through the conduit system, leading to dilution
effects during the storm event. When the event water became
increasingly replaced after the event by groundwater stored
in the rock matrix, nitrate concentrations started to rise again.
Study 3 – Big Spring basin, Iowa, USA
(Rowden et al., 2001)
In the third study, a storm event of 20 mm in total caused first
predominance of mobilisation, directly followed by dilution
during one event (Fig. 6c). This nitrate pattern corresponds
well to Scenario 3 in our conceptual model (Fig. 5c). Ris-
ing nitrate concentrations during the event can be explained
by first mobilisation of nitrate by infiltrating recharge, fol-
lowed by dilution after mobilised nitrate is already flushed
through the system and storm water continues to recharge
into the conduit flow system. During the study period, dis-
charge ranged from 300 to 7300 L s−1 and NO3-N from 1.3
to 6.0 mg L−1.
Study 4 – Karst watershed, Illinois, USA
(Stueber and Criss, 2005)
In this study, predominance of mobilisation during one and
dilution during other events were observed (Fig. 6d), corre-
sponding to Scenario 4 (Fig. 5d) of our conceptual model.
Between May 2000 and December 2002, the authors fre-
quently observed dilution during storm events. However, dur-
ing one storm event, nitrate concentrations showed a differ-
ent response – the concentrations increased rapidly (Fig. 6d,
grey bar). The cause of the sharp nitrate increase was de-
tected as heavy N fertilisation in the catchment during this
time. A relatively constant NO3-N trend was monitored at
3.5 mg L−1, whereas during storm events concentrations de-
creased to 0.2 mg L−1 and increased up to 5.6 mg L−1.
4 Discussion
In this section, the role of different key drivers in resulting
nitrate responses at karst springs is discussed, including the
hydrogeological setting of the karst system, mixing of wa-
ter from different sources, hydrological conditions and land
use practices. In addition, adequate sampling strategies for
studying nitrate characteristics of karst systems are briefly
discussed.
Transport of nitrate can occur quickly within conduits and
fissures or be strongly retarded in less mobile water within
the rock matrix (Baran et al., 2008). Hence, the development
of the karst system itself plays an important role. But what
karst features are most relevant for dilution and mobilisation
processes?
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Figure 6. Illustrating 4 case studies: Predominance of (a) mobilised nitrate; (b) diluted nitrate; (c) mobilisation and dilution during one single
event; (d) mobilisation and dilution during multiple rainfall events. The grey bar in the upper diagram shows the only event in the data set
where mobilisation occurred instead of dilution during storm events.
In the study of Pronk et al. (2009), a sinking stream
strongly impacts nitrate concentrations (and faecal bacteria)
in spring water after storm events. The sinking stream points
at the presence of a well-developed conduit system in the
karst aquifer. The spring investigated in their study shows
the same nitrate characteristics as the spring investigated in
the present study. Also at the present study site, the existence
of a well-developed conduit network is likely. For example,
a cave exists at the study site (Fig. 1). However, the exact
hydraulic properties of the karst system are uncertain.
In the study by Mahler et al. (2008) two karst systems that
differ significantly in matrix porosity, thickness of soil and
epikarst and land use were compared. In both karst systems,
dilution was the observed predominant process after storm
events. One karst system of this study is illustrated as an ex-
ample in Fig. 6b. In contrast, the study of Baran et al. (2008),
which focuses on a chalk aquifer in northern France compa-
rable to one of the karst systems described in the aforemen-
tioned study of Mahler et al. (2008), shows predominance of
nitrate mobilisation and not dilution, just as in the present
study. Both chalk aquifers are characterised by a total ma-
trix porosity of 30 to 40 %, low hydraulic conductivity of
about 10−9 to 10−8 m s−1 and the presence of a conduit sys-
tem with an observed hydraulic conductivity of 10−3 m s−1
(Mahler et al., 2008) and 10−5 to 10−3 m s−1 (Baran et al.,
2008). Nevertheless, a dual-flow system will react differently
to an isolated conduit system. A lower magnitude of the vary-
ing concentration is expected and the time lag between rise
in spring discharge and response in concentration should be
higher (Birk et al., 2006).
Similarly, Rowden et al. (2001) observed that the combi-
nation of infiltration and runoff recharge can have a signifi-
cant influence on nitrate patterns at springs. The proportion
of runoff recharge can vary significantly and changed in the
study by Ribolzi et al. (2000) between 12 % for low-intensity
rain fall events and 82 % for high-intensity rainfall events. In
the study by Peterson et al. (2002) a step multiple regres-
sion analysis technique was used. The authors state that base
flow conditions had an influence of 74 % of the nitrate con-
centrations at the karst spring and storm events made up to
26 %. Even if higher nitrate concentrations in soil cores can
be directly related to fertilisation, during storm events surface
runoff is dominating in well-developed karst systems. Thus,
recharging water contains mainly surface-derived nitrate and
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the impact of soil nitrate is only minor (Peterson et al., 2002).
Zhijun et al. (2010) related a higher increase in nitrate con-
centrations in groundwater to rapid transportation after storm
events combined with previous intensive N fertilisation in the
catchment.
Ribolzi et al. (2000) monitored nitrate concentrations in a
spring in a Mediterranean catchment and observed the pre-
dominance of either dilution or mobilisation during different
rainfall events. Their results are similar to the results of the
study by Stueber and Criss (2005) which were reanalysed in
this study (Fig. 6d). They observed that mobilisation of ni-
trate concentrations occurred only after heavy N fertilisation
coinciding with increased rainfall intensity of 107 mm during
a four-week period. From this it follows that the different ni-
trate behaviour at the spring depends on source combination
of land use and hydrological conditions. Similarly, Ribolzi et
al. (2000) stated that dilution during one event was the result
of mixing of rainwater containing low nitrate concentrations
and groundwater, whereas mobilisation during another event
occurred due to mixing of two different groundwater types
while water levels increased. This is similar to the interpre-
tations of Toran and White (2005), who suggest that nitrate
changes can depend on changing recharge pathways in karst
environments.
Denitrification potential can vary in space and time in karst
aquifers (Heffernan et al., 2012). Musgrove et al. (2014),
for example, studied two hydrogeologically differing karst
aquifers regarding their denitrification potential: the oxic
Edward aquifer and the anoxic Upper Floridan aquifer in
Florida (US). They concluded that, despite the differences
in hydrogeology and in oxic/anoxic conditions, nitrate con-
centrations of spring water were strongly influenced by fast
conduit-driven flow. These observations are in line with the
conceptual model of the present study, where nitrate re-
sponses to storm events at karst springs are mainly influ-
enced by rapid flow in the conduit system, and denitrifica-
tion in the diffuse flow system (rock matrix) may influence
nitrate characteristics of the spring (only) during base flow
conditions significantly. Also Panno et al. (2001) observed
a significant degree of denitrification in karst springs on the
western margin of the Illinois Basin (Illinois, US). These au-
thors reported a high density of sinkholes which caused rapid
influx of agrichemicals to the springs, accounting for high-
est nitrate concentrations (Panno, 1996). These observations
also justify the conceptual model of the present study, which
is based on the assumption that the diffuse flow system trans-
fers average nitrate concentrations and may account for long-
term trends, while rapid bypass of lower or higher nitrate
concentrations after storm events via karst conduits accounts
for (mobilised or diluted) peak concentrations at the spring.
Nevertheless, water that flows through the karst matrix with
longer travel time is likely to be affected by denitrification
and redox processes (Einsiedl et al., 2005; Liao et al., 2012;
White, 2002). One should therefore bear in mind that such
processes can also contribute to variable nitrate concentra-
tions at karst springs.
In the conceptual model (Fig. 4), precipitation is concep-
tualised as a low-N source. However, precipitation can also
be enriched with atmospheric-derived nitrate (Einsiedl and
Mayer, 2006). Sebestyen et al. (2008) showed for a catch-
ment in an upland forest in Northeast Vermont, USA, that
atmospheric-derived nitrate can account for more than 50 %
of nitrate concentrations in groundwater, especially during
snowmelt. In the same catchment, Campbell et al. (2004) es-
timated the average total N input from atmospheric derived
nitrate to be 13.2 kg ha−1 a−1, which can be significant in
such a catchment where atmospheric nitrogen is the most in-
fluencing nitrate source. However, this N input is relatively
low compared to an intensively operated agricultural area.
In Ireland, for example, the Nitrates Directive (EC, 1991)
allows cattle stocking rates with a nitrate input of 170 or
250 kg ha−1 a−1 on derogation farms.
Several authors have discussed the link between land
use practices, hydrological conditions and N availability
(Andrade and Stigter, 2009; Badruzzaman et al., 2012;
Kaçaroglu, 1999). Although nitrate is often not the major
form of N application to agricultural land, it is usually the
major form observed in recharge (Böhlke, 2002). In addition,
in agriculture-dominated areas not only the total amount of
N application is relevant. Also different agronomic practices
of N application have a consequence on the likelihood and
amount of N leaching (Liu et al., 2013; Oenema et al., 2012).
For example, the type of N applied has an influence on the
leaching behaviour throughout the year. Inorganic N fertilis-
ers are on the one hand immediately available for the plant,
but on the other hand highly susceptible to leaching, whereas
organic N fertiliser provide a more constant source of nitrate
for the plant on a long-term basis due to mineralisation pro-
cesses (Whitehead, 1995). Best nutrient management prac-
tices are contributing to an increased N use efficiency which
directly implies reduced nitrate loss from surface to ground-
water (Rahman et al., 2011; Buckley and Carney, 2013; Oen-
ema et al., 2005). Huebsch et al. (2013) used multiple linear
regression to explore the impact of agronomic practices on
nitrate concentrations in karst groundwater on a similar site
and concluded that improvements in management, such as
timing of slurry application, reductions in inorganic fertiliser
usage or the change from ploughing to minimum cultivation
reseeding, contributed to reduced nitrate concentrations in
groundwater.
In addition to mobilisation and dilution processes, sea-
sonal variations need to be addressed. Mineralisation of or-
ganic N can also lead to a different leaching behaviour
throughout the year. For example, Mudarra et al. (2012)
linked increased mobilisation of nitrate at the Sierra del Rey-
Los Tajos carbonate aquifer in autumn with increased soil
microbial activities, which are directly related to decreased
evaporation and increased soil moisture. In contrast, Panno
and Kelly (2004) recorded a seasonal trend with greatest ni-
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trate concentrations during late spring and summer and low-
est during late fall and winter. Interestingly, Arheimer and
Lidén (2000) monitored riverine inorganic and organic N
concentrations from agricultural catchments and showed that
inorganic N concentrations were lower during summer and
higher during autumn, whereas organic N was higher in sum-
mer than during the rest of the year.
Similarly, Bende-Michel et al. (2013) linked riverine ni-
trate response with agricultural source availability through-
out the year (e.g. time of inorganic and organic N fertilisa-
tion; nitrate build-up from organic matter in summer after
organic N fertiliser application) and with hydrologic mobili-
sation due to a change from low to high flow conditions. They
assumed that higher peaks of nutrient concentration response
should occur (1) during spring after inorganic fertiliser appli-
cation, (2) during autumn because of increased mineralisa-
tion and nitrification processes of organic matter in summer
and eventually (3) during winter due to possible expansion
of the source area during high flow conditions. In addition,
Rowden (2001) showed that larger losses of applied N oc-
curred during wetter years (concentrations and loads). Rain-
fall intensity and duration is influencing soil moisture. Wet
conditions coupled with high nitrate availability in soil due to
accumulation intensify leaching from the soil and in the un-
saturated zone (Di and Cameron, 2002; Stark and Richards,
2008). In the present study site, the highest peaks of mo-
bilised nitrate concentrations occurred in November 2011
and between June and September of 2012. Seasonal varia-
tions are driven by recharge and N availability at the sur-
face. During the summer period, on the one hand, intensive
recharge may transport lower nitrate concentrations if there
is a lot of plant growth but on the other hand, it also may in-
crease transport if there is inorganic N in the soil after fertil-
isation application. During autumn reduced crop uptake and
increased recharge due to longer and more intensified rainfall
events typically increases leaching of residual N in soil (Patil
et al., 2010).
Because of rapidly changing concentrations of nitrate and
other chemical or microbial contaminants in karst systems,
traditional sampling strategies with sampling intervals of
weeks to months are inadequate to assess water quality in
such systems. This is especially of interest in context of the
EU Water Framework Directive, which requires improving
the quality of critical water bodies affected by high nitrate
from groundwater, such as estuaries and coastal waters. In
addition, high-resolution monitoring offers the possibility to
detect predominance of mobilisation that can lead to sudden
nitrate peaks above the MAC. Hence, if karst groundwater
is used as drinking water this technique can help to pre-
vent serious threat to humans and animals such as toxicity
in livestock (Di and Cameron, 2002) or methemoglobinemia
in infants also known as the “blue baby syndrome” which
can progress rapidly to cause coma and death (Knobeloch et
al., 2000). An intensification of high-resolution monitoring
in the future is therefore essential to assure good water qual-
ity of karst groundwater and water bodies highly affected by
karst groundwater.
5 Conclusions
The proposed conceptual model of nitrate response in karst
systems is able to explain various nitrate response scenar-
ios, the nitrate patterns at the spring of the current study
and the findings from other studies. In the current study,
four possible nitrate response scenarios in karst aquifers to
storm events were hypothesised. Scenario 1 relates to mo-
bilised nitrate concentrations, Scenario 2 diluted nitrate con-
centrations, Scenario 3 a combination of mobilised and di-
luted nitrate concentrations during one event and Scenario 4
mobilised and diluted nitrate concentrations during multiple
events. The proposed conceptual model of nitrate in karst
systems elucidates the relation of nitrate responses at karst
springs with driving factors such as hydrological conditions,
N availability through land use and karst features. Predomi-
nance of mobilisation or dilution and therefore rapid rise or
decline of nitrate concentrations during storm events depend
highly on the availability of nitrate accumulated in soil and
unsaturated zone. A well-developed karst system as well as
wet conditions are crucial for rapid transport and have an in-
fluence on the intensity and time lag of nitrate concentration
changes. Differences regarding predominance of dilution or
mobilisation processes during different storm events on the
same study site occur if (1) the source of N at the surface
changes over time and/or (2) the activation of different flow
paths causes mixing of water sources containing more or less
nitrate than the average nitrate concentration in groundwater
at the study site. The presented conceptual model of nitrate
responses in karst systems contributes to a more comprehen-
sive understanding of nitrate occurrences in the environment
and therefore also facilitates an improved implementation of
the EU Water Framework Directive in environmental activ-
ities, planning and policy. Finally, the study has also high-
lighted the important role of continuous and long-term nitrate
monitoring in karst systems.
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